The equatorial subsegment (EqSS) was originally identified by atomic force microscopy as a discrete region within the equatorial segment of Artiodactyl spermatozoa. In this investigation, we show that the EqSS is enriched in tyrosine phosphorylated proteins and present preliminary evidence for its presence in mouse and rat spermatozoa. The anti-phosphotyrosine monoclonal antibody (McAb) 4G10 bound strongly and discretely to the EqSS of permeabilized boar, ram, and bull spermatozoa. It also bound to a small patch on the posterior acrosomal region of permeabilized mouse and rat spermatozoa, suggesting that the EqSS is not restricted to the order Artiodactyla. An anti-HSPA1A (formerly Hsp70) antibody recognized the EqSS in boar spermatozoa. Immunogold labeling with McAb 4G10 localized the tyrosine phosphorylated proteins to the outer acrosomal membrane. This was verified by freezefracture electron microscopy, which identified the EqSS in three overlying membranes, the plasma membrane, outer acrosomal membrane, and inner acrosomal membrane. In all five species, tyrosine phosphorylated proteins became restricted to the EqSS during sperm maturation in the epididymis. The major tyrosine phosphorylated proteins in the EqSS of boar and ram spermatozoa were identified by mass spectrometry as orthologs of human SPACA1 (formerly SAMP32). Immunofluorescence with a specific polyclonal antibody localized SPACA1 to the equatorial segment in boar spermatozoa. We speculate that the EqSS is an organizing center for assembly of multimolecular complexes that initiate fusion competence in this area of the plasma membrane following the acrosome reaction. equatorial segment, fertilization, gamete biology, membrane fusion proteins, sperm
INTRODUCTION
The equatorial segment is a specialized region of the plasma membrane that is found on the head of mammalian spermatozoa. It has a species-specific size and shape [1, 2] and first becomes apparent during late spermiogenesis, when the round spermatid is transformed into the elongated spermatozoon. In mature spermatozoa, freeze-fracture [3, 4] surface replica [1] , and atomic force microscopy techniques (AFM) [5, 6] have revealed structural features of the equatorial segment that distinguish it from the plasma membrane overlying the anterior acrosomal and postacrosomal domains that are suggestive of significant organizational differences. This conclusion is supported by a restricted distribution of a variety of antigenic components to the equatorial segment that include not just surface antigens and ion channels [7] [8] [9] [10] [11] [12] [13] , but also intracellular components, such as CALM1 (calmodulin) [14] , actin [15, 16] , annexins ANXA1 and ANXA2 [17] , SPESP1 (ESP) [18] , and heat shock proteins HSPA1A (Hsp70) and HSP90AA1 (Hsp90) [19, 20] . How sharp boundaries between the equatorial segment and surrounding plasma membrane domains are maintained in a fluid bilayer in which lipids and proteins are subjected to random diffusion is not known. Possibilities include the influence of the membrane skeleton, spontaneous phase separation of saturated from unsaturated lipids to produce large liquid ordered domains, and the presence of transmembrane post or picket proteins [21] .
Functionally, the equatorial segment plasma membrane has long been of interest ever since it was demonstrated to be a site of fusion with the egg membrane in eutherian mammals [22] . Fusion competence, however, only develops during and after the acrosome reaction (AR), leading to the proposition that released acrosomal contents, especially proteases, may activate precursor fusion proteins [22] . In support of this hypothesis, protease inhibitors were found to reduce the incidence of sperm-egg binding [23] , and new antigenic epitopes have been detected on the equatorial segment of guinea pig spermatozoa after induction of the AR with ionophore A23187 [24] . Treatment of acrosome-intact hamster spermatozoa with crude acrosomal extracts, however, did not confer functional fusogenicity on them [22, 23] . Other changes must take place, as indicated by the redistribution of intramembranous particles and the appearance of F-actin in the equatorial segment of AR guinea pig, boar, and bull spermatozoa [22, 25, 26] . The overall problem is compounded by the contentious issue of the identity of the fusion molecule or molecules responsible. A variety of candidates have been proposed, the most recent of which is Izumo1 [27] . Spermatozoa from Izumo1 (À/À) mice do not fuse with the oolema although they show normal zona binding and penetration. Currently, it is not known if IZUMO1 interacts with CD9, the putative receptor on the oolema [28, 29] , nor has its localization on spermatozoa been investigated ultrastructurally by immunogold labeling. IZUMO1 appears to be intracellular, since antibodies to it do not bind to acrosomeintact spermatozoa (mouse and human); they only do so after the AR. Development of fusion competence after the AR, therefore, probably involves assembly of molecular complexes in response to internal signaling pathways located within and below the equatorial segment plasma membrane.
Recently, using AFM and scanning ion conductance microscopy we described a morphologically distinct area within the equatorial segment of bull, boar, and ram spermatozoa that we refer to as the equatorial subsegment (EqSS) [6, 30] . Topographically, the EqSS appears as a semicircular area within the equatorial segment at the junction with the postacrosome. In this investigation, we present evidence that the EqSS is enriched in tyrosine phosphorylated proteins that appear during epididymal maturation and that it represents localized specializations in several overlying membranes. A comparable region has been identified in mouse and rat spermatozoa. A role is suggested for the EqSS as an organizing center for assembly of multimolecular complexes that mediate fusion competence following the acrosome reaction.
MATERIALS AND METHODS

Materials
Routine chemicals were of the highest grade available commercially and were purchased from Sigma (Poole, UK) or Merck-Eurolab (Lutterworth, UK 
Collection and Preparation of Spermatozoa
Ejaculated semen was collected from boars (Large White and Landrace breeds) and rams (Suffolk breed) maintained at the Babraham Institute. All procedures involving live animals at the Babraham Institute were conducted in accordance with approved Home Office licences. Boar semen of proven fertility was a generous gift from JSR Genetics Ltd. (Willoughby, UK). Frozen bull spermatozoa in an egg yolk/glycerol diluent were provided by Genus Breeding (Ruthin, UK). Testes with attached epididymes from three boars, three rams, and three bulls were collected from local slaughterhouses and transported to the laboratory within 2 h of death. Testicular and epididymal fluids were drained from the rete testis and cauda epididymidis, respectively, diluted into Tyrode albumin lactate pyruvate (TALP) buffer [31] , and washed by centrifugation (see below). Boar spermatozoa were diluted in TALP to ;10 7 /ml and washed by centrifugation through a step gradient of 35%:70% Percoll in TALP at 300 3 g for 15 min, followed by 700 3 g for 15 min. Bull and ram spermatozoa were diluted in TALP, washed three times by centrifugation at 600 3 g for 10 min, and resuspended to ;10 7 /ml in TALP. Testicular and cauda epididymidal spermatozoa from mice (C57BL/ 6JOlaHsd strain; Harlan) and rats (PVG.BN-RT1 n strain; Babraham Institute) were collected by mincing the tissues in PBS followed by washing through Percoll diluted in Hepes buffer (130 mM NaCl, 20 mM Hepes, and 10 mM glucose, pH 7.6) as described above.
Immunofluorescence Microscopy, Immunogold Electron Microscopy, and Freeze-Fracture Transmission Electron Microscopy
For immunofluorescence microscopy, washed spermatozoa were stained in suspension (intact spermatozoa) and after drying onto polylysine-coated glass slides followed by fixation (permeabilized spermatozoa). Bull, boar, and ram spermatozoa were fixed either in 2% p-formaldehyde/PBS for 30 min at room temperature (suspensions) or in 100% methanol for 10 min, followed by 100% acetone for 30 sec at À208C (slides). Spermatozoa were washed once in PBS and blocked with PBS/5% normal rabbit serum/0.1% BSA for 30 min before addition of primary antibodies. Monoclonal antibodies 4G10 and C92F3a-5 were used at 1:100 dilutions in PBS/0.1% BSA, SPACA1 antibody at 1:50 dilution, Alexa 488-RAM at 1:500 dilution, and FITC-goat anti-guinea pig IgG at 1:400 dilution. Incubations were performed for 60 min at room temperature with three washes in PBS/0.1% BSA between incubations. Rat and mouse epididymal spermatozoa were fixed in 2% p-formaldehyde/PBS for 30 min, resuspended in 0.5% NP-40/1% BSA/PBS for 10 min, and thereafter washed and stained with 4G10 McAb as described above. Labeled spermatozoa were viewed directly by epifluorescence microscopy (300 cells counted per treatment; Zeiss Axioskop) or counterstained with 10 lg/ml propidium iodide (PI) for 1 min and images taken with a Zeiss LMS 510 META confocal microscope set at low illumination and excitation wavelengths of 488 nm and 543 nm. Fluorescence and differential interference contrast (DIC) images were collected for the same field of view.
Phosphotyrosine binding sites for 4G10 McAb were localized ultrastructurally using ejaculated ram spermatozoa. Spermatozoa were sonicated for 5 min, washed seven times (see below), and resuspended in PBS/0.1% BSA containing 1:500 diluted 4G10 McAb and incubated for 2 h at room temperature. They were then washed three times in PBS/0.1% BSA and incubated for a further 4 h at room temperature in the presence of goldconjugated (10 nm) goat anti-mouse IgG diluted 1:6 in the same buffer. Control samples without the first layer McAb were processed in parallel. After incubation, spermatozoa were washed three times in PBS only and fixed in icecold 3% glutaraldehyde/5% sucrose/0.1 M sodium cacodylate, pH 7.2, for 30 min. Suspensions were centrifuged, the supernatant removed, and sperm pellets stored in 0.1 M cacodylate buffer, pH 7.2, at 48C. Pellets were embedded in Epoxy resin (TAAB Laboratories, Reading, UK), and thin sections counterstained with 1% osmium tetroxide were viewed with a Hitachi H600 electron microscope.
For freeze-fracture electron microscopy (FF-EM), ejaculated boar spermatozoa (from Duroc and Landrace boars; Tokyo Metropolitan Livestock Experiment Station) were treated as described previously [32] . Briefly, spermatozoa were washed and maintained in Kiewv preservation medium [33] until use. In some cases, they were incubated in capacitation medium [32] for up to 4 h. Spermatozoa were fixed with 2.5% glutaraldehyde, followed by staining with or without filipin for the detection of 3-b-hydroxysterol complexes (FSCs). All samples were equilibrated with 30% glycerol for 1 h prior to freezing with liquid propane followed by liquid nitrogen. They were fractured at À1158C and replicated with platinum and carbon in either an HFZ-1 (Hitachi Co., Tokyo, Japan) or a JEOL Freeze Fracture Device-7000 (JEOL Co., Tokyo, Japan). Freeze replicas were examined with a 1200EX (JEOL) transmission electron microscope.
Detergent Extraction of Spermatozoa, SDS-PAGE, and Western Blotting
Washed ram and boar spermatozoa were resuspended in PBS containing a cocktail of inhibitors (2 mM p-aminobenzamidine, 2 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, 2 mM EDTA, 2 mM sodium fluoride, and 2 mM sodium orthovanadate) and sonicated for 5 min on ice (MICRON Ultrasonic Cell Disruptor, power setting 3 W, 30-sec bursts with 30 sec of cooling), followed by three successive washes in 25 ml of the same medium at 225 3 g for 10 min and four washes at 175 3 g for 10 min. This simple procedure removed .90% of tail fragments, leaving a preparation of sperm heads depleted of plasma membranes and acrosomal matrix material. Boar sperm suspensions were sonicated for a further 15 sec after three washes at 225 3 g to disperse any head and tail aggregates. Sperm head pellets were extracted with 4 vol of 1% SDS/62.5 mM Tris/HCl, pH 7.3, for 30 min at room temperature or 4 vol of 1% Triton X-100/PBS þ inhibitor cocktail for 30 min at 48C. Affinity purification of phosphotyrosine-containing proteins was carried out using agarose beads conjugated with PT-66 anti-phosphotyrosine antibody (Sigma). Briefly, Triton X-100 extracts were incubated with antibody-conjugated beads for 2 h at 48C. Beads were washed six times, and bound proteins were eluted with the same buffer containing 100 mM phenyl phosphate. Unbound, last wash through, and bound proteins were separated by SDS-PAGE and either stained with Coomassie Blue (Imperial Protein Stain; Pierce) or blotted onto polyvinylidene fluoride (PVDF) membranes as described previously [34] . Protein concentrations were measured by the Bio-Rad dye binding assay (for samples without detergent) or the Bio-Rad Dc assay (for samples with detergent). Western blots were blocked with 5% BSA overnight at 48C, probed with 1:5000 diluted 4G10 McAb/peroxidase-conjugated RAM, and visualized by chemiluminescence (Amersham, Little Chalfont, UK) using standard procedures. SPACA1 antibody was used at 1:10 000 dilution and peroxidase goat anti-guinea pig IgG at 1:7500 dilution.
Protein Identification by Tandem Mass Spectrometry
Tyrosine phosphorylated proteins eluted from PT-66 agarose beads were identified by alignment of Coomassie Blue-stained SDS gels with parallel 422
Western blots previously probed with McAb 4G10. Protein bands were excised and destained with 25 mM ammonium bicarbonate/50% acetonitrile. Destained proteins were reduced, carbamidomethylated, and digested overnight with 10 lg/ml sequencing grade proteases (Promega) in 25 mM ammonium bicarbonate, pH 8.2, at 308C. Portions of the slices were digested separately with four different proteases (trypsin, chymotrypsin, AspN, and V8) in order to optimize sequence coverage of identified proteins. Resulting peptide mixtures were separated by reverse-phase liquid chromatography (column: 0.05 3 100 mm, Vydac C18, 5-lm particle size), with an acetonitrile gradient (10%-40% over 30 min) containing 0.1% formic acid, at a flow rate of 150 nl/min. The column was coupled to a nanospray ion source (Protana Engineering) fitted to a quadruple-TOF mass spectrometer (Qstar Pulsar i; Applied Biosystems/MDS Sciex) operating in information-dependent acquisition mode. Proteins were identified by searching mammalian entries in the Uniprot database with the mass spectral data using Mascot software (Matrix Science). In some cases, phosphopeptides were extracted from the digests with Fe 3þ -loaded IMAC beads (Phos-Select; Sigma) and analyzed separately by mass spectrometry as described above.
RESULTS
Immunofluorescence Detection of the EqSS in Ejaculated Boar, Bull, and Ram Spermatozoa
McAb 4G10 for Phosphotyrosine. Previous investigations using AFM revealed that the EqSS has a species-specific size and shape and that its topography is distinguishable from the plasma membrane overlying the anterior acrosome, equatorial segment, and postacrosome [6] . In boar spermatozoa, the EqSS is relatively large, extending anteriorly some distance into the equatorial segment, whereas in bull spermatozoa it appears as a small semicircular area in the center of the rectangular equatorial segment. On ram spermatozoa, the EqSS is of intermediate size, with a ''quarter moon'' appearance. In all three species, the EqSS lies adjacent to the junction between the equatorial segment and postacrosome.
Incubation of freshly washed motile boar, bull, and ram spermatozoa with McAb 4G10/Alexa 488-RAM stained only 4%-15% of cells on the anterior acrosomal and equatorial segment domains. These spermatozoa frequently had ruffled membranes around the anterior head, indicating they were damaged or had spontaneously acrosome reacted. Disruption of plasma membranes by cold shock or sonication increased the proportion of labeled spermatozoa to .80% in all three species.
Most consistent staining was obtained after fixation and permeabilization of spermatozoa with methanol/acetone. The majority (.90%) of boar, bull, and ram spermatozoa stained strongly on the EqSS, which had the same species-specific size and shape as detected earlier with AFM ( Fig. 1 , A, C, and D). Variable levels of fluorescence were also present over the anterior acrosome, partly due to nonspecific binding of the second layer antibody and partly due to phosphoproteins within the acrosomal matrix [35] . Inclusion of 5 mM phosphotyrosine in the incubation medium along with McAb 4G10 abolished labeling of the EqSS completely (Fig. 1E) , as did trypsinization (not shown). We conclude that in all three species, the EqSS is enriched in tyrosine phosphorylated proteins and that these proteins are only accessible to antibodies following permeabilization of the plasma membrane.
McAb C92F3a-5 for HSPA1A. Only fixed boar spermatozoa stained positively on the EqSS with anti-HSPA1A McAb C92F3a-5/Alexa 488-RAM (Fig. 1B) ; intact motile spermatozoa did not stain. Fixed ram and bull spermatozoa were unreactive with this particular McAb. It was noticeable that the shape of the EqSS on boar spermatozoa stained with McAb C92F3a-5 was slightly different from that detected with McAb 4G10. Instead of a smooth, curved outline it was frequently triangular in appearance.
Ultrastructural Localization of Tyrosine Phosphorylated Proteins in the EqSS of Ram Spermatozoa
Since the experiments with immunofluorescence microscopy strongly suggested that the 4G10-binding phosphoproteins in the EqSS were intracellular, we hypothesized that they were associated with either the outer acrosomal membrane (OAM), the acrosomal matrix (AM), the inner acrosomal membrane (IAM), perinuclear sheath (PS), nuclear envelope (NE), or a combination of the above. To identify their precise location, ram spermatozoa were sonicated and labeled with McAb 4G10/ gold-conjugated goat anti-mouse IgG, followed by electron microscopy. Sonication decapitated all spermatozoa and disrupted their plasma membranes, thereby exposing intracellular membranes to 4G10 McAb. It did not, however, change the shape or size of the EqSS when viewed by immunofluorescence microscopy (Fig. 2, A and B) . Ultrastructurally, heavy labeling with gold particles was observed on the posterior OAM within the equatorial segment region, that is, the projected position of the EqSS (Fig. 3, A and B, arrows) . Labeling was not present on anterior regions of the OAM, the IAM, PS, or NE. Occasionally, a few gold particles were present within remnants of the AM. Control spermatozoa incubated with gold-labeled second layer antibody alone did not label on the OAM (Fig. 3C) .
These results, therefore, are consistent with the interpretation that tyrosine phosphorylated proteins recognized by 4G10 McAb localize to the posterior OAM within the EqSS.
Freeze-Fracture Transmission Electron Microscopy of the EqSS in Boar Spermatozoa
The EqSS was not easily detected in freeze-fracture transmission electron microscopy (FF-EM) micrographs of the plasma membrane of freshly ejaculated spermatozoa. In these cells, the most noticeable features were intramembranous particles (IMPs), both large and small, randomly distributed over the acrosomal region, including the equatorial segment (for detailed description, see Suzuki-Toyota et al. [32] ). After capacitation, however, fracture planes through the EqSS became recognizable. As shown in Figure 4A , the external face of the plasma membrane over the equatorial segment contained a triangular area comparable with the size and shape of the EqSS that had a smooth, undulating appearance with small, randomly dispersed clusters of IMPs present. In contrast, the surrounding equatorial segment membrane contained large numbers of IMPs.
The EqSS was more apparent in FF-EM micrographs of capacitated spermatozoa stained with filipin to localize FSCs. In the example shown in Figure 4B , the fracture plane has passed through three membranes: the IAM, the OAM, and the plasma membrane. The external face of the IAM is exposed over the anterior acrosome, the periphery of the equatorial segment, and the edges of the EqSS. The FSCs are numerous in the anterior acrosome in contrast to the periphery of the equatorial segment, where they are very few in number and the IAM has a smooth granular appearance. The FSCs become apparent again in the EqSS, although they are less numerous than in the anterior acrosome. The external face of the plasma membrane is exposed in the central portion of the EqSS and on the postacrosome. The FSCs are more numerous in the former than the latter area, and the border between the two areas is clear. Around the edges of the EqSS, small protrusionlike areas representing the protoplasmic face of the OAM appear free of FSCs.
These data indicate that the EqSS is detectable in three different overlying membranes: the plasma membrane (as shown by AFM and FF-EM), the OAM (as detected by 4G10 McAb), and the IAM (as revealed by FF-EM).
Tyrosine Phosphorylated Proteins Appear in the EqSS During Epididymal Maturation
The EqSS is morphologically poorly organized in testicular spermatozoa [6] , suggesting that it is assembled during epididymal maturation. Therefore, a comparison was made of testicular and cauda epididymidal spermatozoa stained with McAb 4G10 to investigate whether tyrosine phosphorylation was part of the maturation process.
Boar. Unfixed testicular spermatozoa stained with McAb 4G10/Alexa 488-RAM showed very weak fluorescence over the whole head of ;78% of cells, with only 3% fluorescent on the equatorial segment. In some animals, a very punctate pattern was present over the acrosome. Following fixation, however, 73%-95% of spermatozoa showed strong fluores-
A) The outline of the EqSS (black arrowheads) is present in the external face of the plasma membrane overlying the equatorial segment (EqS). Within the EqSS, IMPs are arranged in small clusters in contrast to the external face of the surrounding EqS, where they are more numerous and randomly dispersed. B) Spermatozoon stained with filipin to reveal FSCs. The fracture plane has passed though three membranes-OAM, IAM, and plasma membrane (PM). The outline of the EqSS (arrowheads) is clearly visible in the external face of the IAM, which has a low density of randomly dispersed FSCs. Small areas of the protoplasmic face of the OAM within the EqSS are present as protrusionlike features (white arrows), which appear free of FSCs. However, the external face of the PM in the EqSS contains numerous FSCs. Ac, anterior acrosome; PAc, postacrosome; PR, posterior ring. Bars ¼ 1 lm.
EQUATORIAL SUBSEGMENT IN SPERMATOZOA cence over the whole equatorial segment, with a very weak signal on the acrosome (Fig. 5) . The EqSS was not discernable as a discrete entity within the equatorial segment of these spermatozoa, irrespective of the strength of antibody staining or fixation procedure (data not shown).
Unfixed cauda spermatozoa stained (.90%) very weakly on the postacrosome and midpiece, but after fixation, 100% showed strong fluorescence on the EqSS, with weaker fluorescence over the anterior acrosome and down the tail (Fig. 5) . Fluorescence on the equatorial segment was much weaker than that on the EqSS itself, often creating a ''halo'' effect around the latter.
Ram. Most (;72%) unfixed testicular ram spermatozoa did not stain with McAb 4G10/Alexa 488-RAM, and only ;7% were positive on the equatorial segment after fixation. The EqSS did not stain (Fig. 5) . Unfixed motile cauda spermatozoa were also unstained, but after fixation .88% showed strong, discrete fluorescence on the EqSS. Weak fluorescence was also present on the anterior acrosome of ;24% of these cells.
Bull. Fresh testicular spermatozoa did not bind McAb 4G10/ Alexa 488-RAM, and after fixation only 5%-10% were weakly positive on the EqSS, anterior acrosome, and midpiece (Fig. 5 ). When present, staining of the EqSS was discrete and did not extend throughout the rest of the equatorial segment (cf. fixed boar testicular spermatozoa).
Between 23% and 47% of unfixed cauda spermatozoa stained strongly on the EqSS and anterior acrosome, the remainder showing only background fluorescence over the whole head and tail. It is likely that many of these spermatozoa were nonviable, as their motility was low (,15%) and many were decapitated. After fixation, however, 75%-90% of cells showed strong fluorescence over the EqSS with weak staining on the anterior acrosome.
Thus, in all three species there is evidence that tyrosine phosphorylated proteins appear in the EqSS during maturation of spermatozoa in the epididymis.
Identification of Tyrosine Phosphorylated Proteins in the EqSS of Boar and Ram Spermatozoa by Tandem Mass Spectometry
Western blots of Triton X-100 extracts from isolated sperm heads revealed the presence of two major tyrosine phosphorylated proteins at 34 kDa and 39 kDa in the boar and 35 kDa and 40 kDa in the ram (Fig. 6A) . Identical patterns of bands were observed in Western blots of proteins affinity purified on PT-66-conjugated agarose beads (Fig. 6B) ; no proteins were detectable when boiled PT-66 beads were used as controls (Fig.  6B) . Gel slices containing the relevant proteins were excised from parallel Coomassie Blue-stained gels and digested with trypsin, and released peptides were analyzed directly by tandem mass spectrometry (MS). Database searching of the MS data (see Supplemental data available online at www. biolreprod.org) identified both the 34-kDa and 39-kDa proteins in the boar as SPACA1 (Fig. 7A) , a sperm-specific protein first described in human spermatozoa [36] . Initially, the bovine protein was used for alignment, as the sequence of pig SPACA1 was not present in the databases searched. However, when a protein sequence for the pig protein, derived from genomic DNA data, was added to the database and the MS data re-searched, a better match was obtained.
As further proof that SPACA1 was tyrosine phosphorylated, and for the benefit of future studies, we sought to identify the actual site of tyrosine phosphorylation. Pig SPACA1 contains only three tyrosine residues, and peptides containing two of these residues, exclusively in the unphosphorylated state, were among those identified in the MS data with strong signals. This indicated that the third tyrosine (Y268), located near the Cterminus, was the site of phosphorylation. However, no peptides containing Y268 were detected in the initial MS analyses, with or without phosphate. Therefore, further samples of the SPACA1-containing gel slices were digested with three other proteases, chymotrypsin, AspN, and V8, and each analyzed by MS. One peptide in the AspN digest was identified that contained a phosphorylated Y268 (Fig. 7B) . No peptides containing nonphosphorylated Y268 were detected in any analysis.
The presence of a Y268-containing peptide in only the AspN digest is somewhat surprising, and it suggests that there is some difficulty in either the cleavage or recovery or MS properties of peptides containing this residue. One possibility may be that there is additional Ser/Thr phosphorylation of the STS sequence (S271-S273) just downstream of Y268. This could mean that Y268 is often part of a multiple of phosphorylated peptides, which are difficult to identify by MS. No peptide containing S271-S273 was detected in any of the analyses, although we did identify two Ser phosphorylation sites, at S255 and S277. Phosphorylation of the equivalent of S255 in human SPACA1 has been reported previously [36] , but not S277 phosphorylation.
The combined MS data from all four digestions gave a high sequence coverage of the protein, with the only major gap being the transmembrane region. The extreme hydrophobicity of this region means that it would not be expected to elute from the reversed-phase column used to separate peptides prior to MS, and so would not be detected. Two other small gaps near the N-terminus contain potential N-glycosylation sites which are not normally identified in MS analyses.
The two weak Coomassie-stained protein bands at 35 kDa and 40 kDa obtained from PT-66 affinity purification of the ram extract were also excised, digested with trypsin, and analyzed by MS. SPACA1 was clearly identified in both bands, but the database match was to the pig and mouse proteins, as the sheep sequence is not present in the database. No genomic or other data containing sheep SPACA1 sequence was available to us, so no further analysis was carried out on these samples.
Two additional pieces of evidence support the identification of SPACA1: 1) an anti-SPACA1 antibody recognized the same-sized proteins on Western blots of Triton X-100 extracts (Fig. 6A) , and 2) immunofluorescence on boar spermatozoa localized SPACA1 to the equatorial segment (Fig. 6C) . Unlike 4G10 McAb, the anti-SPACA1 antibody stained the whole equatorial segment. Thus, in the boar, non-tyrosine phosphorylated SPACA1 is distributed throughout the equatorial segment, whereas tyrosine phosphorylated SPACA1 is restricted to the EqSS. We estimate from densitometry of Coomassie-stained gels ( Fig. 6B) that ;3% of the total SPACA1 in the boar is tyrosine phosphorylated (non-tyrosine phosphorylated SAMP332 is the major A cross-species alignment of SPACA1 sequences derived from database searches revealed a high level of identity relative to the human protein (e.g., 74% for pig, 75% for cow, 68% for mouse, 47% for chicken, and 44% for lizard; see Supplemental data). The Y268 phosphorylation site is conserved in all mammalian sequences. A second noticeable feature of the mammalian sequence was the presence of a cysteine-rich domain (;36 residues), followed by an extensive immunoglobulinlike domain (;80 residues) and a strong transmembrane domain (;25 residues) toward the C-terminus. The cysteinerich and immunoglobulinlike domains in particular are highly conserved between species.
Preliminary Evidence for an EqSS in Mouse and Rat Spermatozoa
Previous work on mouse, rat, and monkey spermatozoa with the AFM did not reveal any unusual topographical features of the plasma membrane that could be equated to the EqSS as described in the Artiodactylia [6] . However, given the greater sensitivity and specificity of staining of the EqSS with 4G10 McAb, it was decided to reinvestigate the phenomenon in other species.
In the mouse, the majority (;70%) of testicular spermatozoa were unstained, with the rest showing uniform fluorescence over the equatorial segment region (but without reaching the acrosomal tip; Fig. 8 and Table 1 ). The reverse was true in the caput epididymidis, where most (;78%) spermatozoa were strongly fluorescent on the equatorial segment (Fig. 8) . With cauda epididymidal spermatozoa, three patterns were observed: ;15% showed no fluorescence, ;32% showed fluorescence all over the equatorial segment (i.e., similar to caput spermatozoa), and ;53% had fluorescence restricted to a small triangular-shaped area on the posterior equatorial segment. The size of the triangular area varied (Fig. 8, insets) , and in some cases fluorescence extended in a thin line in an anterior direction. Unfixed suspensions of live cauda spermatozoa did not stain with 4G10 McAb, nor did spermatozoa treated with Alexa 488-RAM only. (Table 1) . With cauda/vas deferens spermatozoa, on the other hand, 4G10 McAb localizes to a small patch in the posterior equatorial segment on 42%-88% of cells (Table 1) . Control spermatozoa (right panels) stained with Alexa 488-RAM are negative. Images are combined DIC and fluorescence. Note fluorescent spot in neck region of rat cauda sperm. Bars ¼ 5 lm.
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Testicular rat spermatozoa either did not stain with 4G10 McAb (;52%) or showed weak fluorescence over the anterior acrosome (because of the shape of the rat sperm head, it was unclear if it was the equatorial segment only or if it included the acrosomal crescent) and midpiece (Fig. 8) . The anterior head/equatorial segment staining pattern was predominant (;73%) in the caput region, but in the cauda it decreased to ;47%, with the appearance of spermatozoa (;42%) staining strongly on a small, elongated patch restricted to the posterior part of the equatorial segment (Fig. 8, inset) . The proportion of the latter spermatozoa was higher in the vas deferens (;88%) than in the cauda (Table 1 ). An interesting feature of rat cauda spermatozoa was the consistent presence of a small spot of fluorescence in the neck region between the head and the flagellum. Occasionally, a fluorescent spot was present on the tip of the acrosome. Control cauda spermatozoa treated with second layer Alexa 488-RAM alone showed either no fluorescence or very weak fluorescence on the postacrosome.
These results suggest that an EqSS is present in mature mouse and rat spermatozoa in the form of a small elongated (rat) or triangular (mouse) patch on the posterior acrosome. It has properties similar to those described earlier for boar, ram, and bull spermatozoa, that is, it is intracellular, is spatially restricted, contains tyrosine phosphorylated proteins, and develops during epididymal maturation.
DISCUSSION
This work has provided information on the morphology, posttesticular development, and composition of the EqSS in boar, bull, and ram spermatozoa along with preliminary evidence for its presence in mouse and rat spermatozoa.
It is puzzling that the EqSS eluded identification by microscopists for so long. Early high-resolution studies with TEM, scanning EM, and FF-EM on a wide range of species [1] [2] [3] [4] [5] [6] did not mention this subdomain, despite all the attention that has been paid to the equatorial segment over many years as the region where fusion competence develops following the AR. This may be due in part to the fixation and staining protocols employed at the time (e.g., TEM does not reveal obvious differences between the plasma membrane overlying the acrosome versus the postacrosome, yet these domains are immunologically and functionally distinct) and in part to the development of new techniques and reagents for probing membrane structure (e.g., AFM). The AFM observations by Ellis et al. [6] have recently been confirmed by Downing Meisner et al. [37] , who made a detailed investigation of spermatozoa from 36 species of Artiodactylans, Perissodactylans, and Cetaceans by cold field-emission scanning electron microscopy (FE-SEM), and by Spinaci et al. [38] , who detected HSPA1A in the EqSS of boar spermatozoa. Our inability to detect HSPA1A in the EqSS in ram and bull spermatozoa may be due to restricted species reactivity of the McAb, although Kamaruddin et al [19] , using the same antibody clone (C92F3A-5), detected HSPA1A in disrupted acrosomes of ejaculated bull spermatozoa. Close inspection of photomicrographs in that paper (e.g., their Fig. 2, g and h) show some spermatozoa with staining in the position of the EqSS. Detection of HSPA1A in spermatozoa, therefore, may depend to some extent on fixation and staining protocols, type of antibody, etc.
Initially, the EqSS was detectable only in Artiodactylia spermatozoa [6, 30] . One explanation for this is that the methods employed were primarily topographical imaging procedures, and since the EqSS is mostly an intracellular structure (see below), its surface manifestation may vary between species. For example, the EqSS was readily identified in Giraffa camelopardalis spermatozoa by FE-SEM but not in the closely related species Okapi johstoni [37] . Staining permeabilized spermatozoa with 4G10 McAb, however, suggests a more sensitive and reliable method for detecting the EqSS. When applied to mouse and rat cauda epididymidal spermatozoa, 4G10 McAb identified a small region or patch within the posterior equatorial segment that has all the characteristics of the EqSS as described in the Artiodactylia. Using a different anti-phosphotyrosine antibody (PTP-1B), Seligman et al. [39] observed a similar staining pattern on the posterior equatorial segment of rat cauda spermatozoa but did not interpret it as the EqSS. If the above interpretations are correct, then the EqSS merits further investigation as the potential site where membrane fusion is initiated between sperm and egg at fertilization.
The appearance of 4G10 reactivity in the EqSS during epididymal maturation is consistent with previous AFM data, which showed that the EqSS was not discernable in immature testicular spermatozoa [6] . In boar testicular and rat and mouse caput epididymidal spermatozoa, tyrosine phosphorylated proteins are distributed throughout the entire equatorial segment region, whereas in mature cauda epididymidal spermatozoa they are restricted to the EqSS. It is not known whether the same tyrosine phosphorylated proteins are present in immature and mature spermatozoa, nor is it clear how they become restricted in their distribution. Either they are actively transported into the EqSS from other membranes (e.g., IAM) and cellular compartments during epididymal maturation, or they are selectively dephosphorylated outside the confines of the EqSS. Another possibility is that all of the 4G10-reactive proteins in the equatorial segment are dephosphorylated, followed by rapid and selective rephosphorylation of those in the EqSS. Similar arguments apply to the de novo appearance of tyrosine phosphorylated proteins in the EqSS of ram and bull spermatozoa during epididymal maturation. By implication, the EqSS should be a site of active protein kinase and phosphatase activity to mediate these changes. Spermatozoa contain PRKACA and a specific PPP1CC isoform that are found mainly in the tail, where they are thought to regulate EQUATORIAL SUBSEGMENT IN SPERMATOZOA motility [40, 41] . It is unclear whether protein kinases and phosphatases are present in the equatorial segment or not. Equally intriguing is how tyrosine phosphorylated proteins are retained within the EqSS and do not disperse throughout the OAM by random diffusion. These and other questions await investigation.
Immunogold labeling of ram spermatozoa with 4G10 McAb showed that tyrosine phosphorylated proteins localize to the OAM within the confines of the EqSS as determined by AFM. It is reasonable to presume that this also applies to boar and bull spermatozoa and explains the requirement to permeabilize the plasma membrane by fixation for efficient antibody binding. Equally revealing are the FF-EM images of the EqSS. Such images were infrequent, suggesting that the membranes in this area do not fracture easily, and only then after capacitation, when molecular rearrangements take place in the plasma membrane (e.g. decrease in cholesterol and small IMPs) [32] . It is apparent, nonetheless, that the EqSS is represented by specializations in three different overlying membranes: the plasma membrane, OAM, and IAM. This implies localized organization and communication ''in depth'' between these membranes, possibly mediated by cytoskeletal proteins, that could lead to macromolecular rearrangements following the AR. HSPA1A has a known function as a molecular chaperone to ensure correct folding of proteins, and its presence in the EqSS would be consistent with this hypothesis.
The major tyrosine phosphorylated proteins in the EqSS of ram and boar sperm heads were identified as orthologs of human SPACA1 (see Supplemental data). The differences in molecular masses on SDS-PAGE gels are probably due to variations in posttranslational processing at N-glycosylation sites. Human SPACA1 is a testis-specific transmembrane glycoprotein that localizes to the equatorial segment and/or the IAM throughout the whole acrosome [36] . In boar spermatozoa, non-tyrosine phosphorylated SPACA1 is distributed throughout the equatorial segment, whereas tyrosine phosphorylated SPACA1 is confined to the OAM within the EqSS. For the time being, we have to assume that the specific localization of a subset of tyrosine phosphorylated SPACA1 molecules to the EqSS is of physiological significance, since it correlates with acquisition of fertilizing capacity in the epididymis. It is noteworthy that IZUMO1, the putative membrane fusion protein [27] , is a member of the same immunoglobulin superfamily. The orientation of the protein within the membrane may be important for its function. Since only the tyrosine residue nearest to the C-terminus is phosphorylated, it is reasonable to presume that it is exposed on the OAM, where it was detected in the gold labeling experiments (Fig. 3) . This is consistent with a typical type I membrane protein orientation and suggests that the transmembrane domain spans the OAM, with the tyrosine phosphorylated C-terminal region potentially able to interact with proteins in the overlying plasma membrane. It also implies that the immunoglobulin and cysteine-rich domains are directed toward the acrosomal matrix. Molecular modeling of SPACA1 indicates that it is potentially large enough to span the matrix, where it could associate with its non-tyrosine phosphorylated counterpart on the IAM. Alternatively, if the signal peptide was not cleaved, it could insert directly into the IAM. On this basis, SPACA1 could form part of the 7-nm long, electron-dense ''bridges'' that connect the OAM and IAM in the equatorial segment region after the acrosome reaction [42] . These cross-linking bridges are thought to stabilize the equatorial segment and prevent vesiculation during the acrosome reaction. This would also explain why freeze-fracture planes through the EqSS are difficult to obtain. Predicting function on the basis of sequence alignments and structural modeling, however, should be viewed with caution, as at least one moonlighting protein (proacrosin) has been described in spermatozoa [43] , and it is likely there are others, given the long evolutionary history of these cells.
Lastly, it should not be construed that tyrosine phosphorylated SPACA1 and Hsp70 are the only proteins in the EqSS. Other proteins must be present, and it will be a considerable challenge for future work to isolate this subdomain, analyze its composition, and determine its functional significance.
